The sheathed filamentous bacterium known as strain CT3, isolated by micromanipulation from an activated sludge treatment plant in Italy, is a member of the genus Thiothrix in the c-Proteobacteria according to 16S rDNA sequence analysis. The closest phylogenetic neighbours of strain CT3 are strains I and Q T , which were also isolated from activated sludge and belong to the species Thiothrix fructosivorans. These strains have respectively 99?2 and 99?4 % similarity to CT3 by 16S rDNA sequence comparison. CT3 shows 63-67 % DNA-DNA hybridization with strain I, which is the only currently viable strain of T. fructosivorans. CT3 is the second strain in the genus Thiothrix that has been shown to be capable of growing autotrophically with reduced sulfur compounds as the sole energy source; autotrophy was also confirmed in strain I. The first reported chemolithoautotrophic isolate of this genus was a strain of 'Thiothrix ramosa' that was isolated from a hydrogen sulfide spring and is morphologically distinguishable from all other described strains of Thiothrix, including CT3. CT3 is an aerobic organism that is non-fermentative, not capable of denitrification and able to grow heterotrophically. Autotrophy in the genus Thiothrix should be investigated more fully to better define the taxonomy of this genus.
Bacteria that belong to the genus Thiothrix are characterized by distinctive morphological features, such as filamentous growth and accumulation of sulfur granules when incubated in the presence of sulfide or thiosulfate. Thiothrix spp. occur in flowing waters that contain reduced sulfur compounds (Larkin & Strohl, 1983) and have often been detected in wastewater-treatment plants (Williams & Unz, 1985) , where these filamentous bacteria can cause bulking (Jenkins et al., 1993) . The filamentous sulfur bacteria of the genus Thiothrix, first described by Winogradsky in 1888 and cited by Larkin (1989) , were hypothesized to be autotrophic. However, the type species, Thiothrix nivea, was suggested to be an obligate mixotroph that requires both a reduced sulfur compound and an organic substrate for growth. All other strains that belong to this genus have been reported to be either mixotrophic or heterotrophic (Larkin & Shinabarger, 1983) .
More recently, a chemolithoautotrophic Thiothrix isolate was obtained from a hydrogen sulfide spring (Odintsova & Dubinina, 1991; Odintsova et al., 1993) . The strain was identified phylogenetically as 'Thiothrix ramosa' (Polz et al., 1996) , which can be differentiated morphologically from T. nivea as it propagates by means of hormogonia and forms pseudo-branches. The type species of the genus, T. nivea, is an ensheathed filamentous bacterium (Larkin, 1989) and in a revision of the taxonomy of the genus Thiothrix (Howarth et al., 1999) , four novel species (all from activated sludge) were proposed: Thiothrix fructosivorans (for heterotrophic strains Q T and I), Thiothrix unzii (for strain A1 T ), Thiothrix eikelboomii (for the Eikelboom Type 021N strains, type strain AP3 T ) and Thiothrix defluvii (for an Australian isolate, Ben57 T ). However, the name of the autotrophic species 'T. ramosa' was not validated. The genus description was emended and enlarged by two novel activated sludge species, Thiothrix disciformis and Thiothrix flexilis, identified morphologically as Eikelboom Type 021N (Aruga et al., 2002) . T. nivea, T. fructosivorans and 'T. ramosa' produce Abbreviations: TEFL, total extended filament length; TOC, total organic carbon.
filaments of cells in sheaths, whereas the Type 021N Thiothrix species (T. defluvii, T. disciformis and T. flexilis) and T. unzii lack a sheath. In the present study, physiological, kinetic and taxonomic characterization of an Italian isolate of Thiothrix sp., strain CT3, which is able to grow under heterotrophic and chemolithoautotrophic conditions, is presented.
Strain CT3 (=DSM 12730) was isolated by micromanipulation (Skerman, 1968 ) of a morphologically identified Thiothrix filament (Jenkins et al., 1993) from the activated sludge treatment plant of Bari West, Italy (Tandoi et al., 1994) . T. fructosivorans strains I (=ATCC 49749) and Q T (=ATCC 49748 T ) were purchased from the American Type Culture Collection (ATCC). A mineral salts medium (Williams & Unz, 1985) , to achieve pH 7?4) and vitamins [0?1 % (v/v); Eikelboom, 1975] was the cultivation medium used to grow strains CT3 and I and for attempted growth of strain Q T . The incubation temperature was 20 uC. Amplification and sequencing of the 16S rDNA of CT3 and comparative sequence analyses were done by described previously methods (Blackall, 1994; Blackall et al., 1994) . Briefly, the 16S rDNA was PCR-amplified (with primers 27f and 1492r; Lane, 1991) , amplicons were purified, sequenced by the ABI DyeDeoxy Sequencing kit (Applied Biosystems) by using a range of sequencing primers (Lane, 1991) and the compiled sequence was deposited in GenBank under accession number AF148516. The compiled 16S rDNA sequence was aligned manually, by considering secondary structural constraints, with sequences from the family 'Thiotrichaceae'. Phylogenetic analysis was carried out by using PHYLIP version 3.5. DNA-DNA hybridization between CT3 and strain I was done by previously described methods (Martin et al., 1997) .
Biochemical tests were carried out according to methods described by Smibert & Krieg (1994) Denitrification was determined in cultivation medium plus 0?1 % KNO 3 . Tubes of media contained a small inverted vial to allow visible accumulation of N 2 gas from denitrification. Nitrate and nitrite were analysed by ion chromatography with a Dionex model DX100. Uninoculated media or media that contained no nutrient sources served as controls.
The presence of lipophilic inclusions was evaluated microscopically by staining with Nile blue (Rees et al., 1992) . Chemical composition of lipids was evaluated by GC (Braunegg et al., 1978) by using a PerkinElmer model 8500 gas chromatograph.
The maximum autotrophic growth rate of CT3 was evaluated in duplicate in batch tests (20 uC, pH 7?8±0?1) by using cultivation medium without acetate. For autotrophic growth, total organic carbon (TOC) was measured by a Shimadzu model TOC-5000A; at the beginning of the batch test, TOC was negligible (<1 mg l
21
). Estimation of the growth of CT3 was carried out every 10-20 h by using the total extended filament length (TEFL) technique, determined by a computerized microscopic analytical method with a Axioskop microscope and a Kontron Electronic Imaging Analysis system KS100 (both from Zeiss) (Tandoi et al., 1998) . Total filament length in 10 ml was measured and results were expressed as mm filaments (ml of liquid)
. The coefficient of variation, determined on five replicates, was 10?7 %. Dry weight measurements were carried out at the end of the batch tests according to APHA et al. (1995) , when the cells contained no stored sulfur. Sulfate was analysed by ion chromatography (Dionex model DX100) and thiosulfate was determined by iodometric titration (APHA et al., 1995) . For strain I, autotrophic growth was evaluated in the same manner as for CT3, except that only TOC, sulfate and thiosulfate were determined at the beginning of the incubation and after 7 days. Strains CT3 and I were also inoculated into cultivation medium that lacked acetate and Na 2 S 2 O 3 .5H 2 O and incubated, to act as negative controls.
CT3 comprises sheathed filaments of cells (Fig. 1a) that contain intracellular sulfur granules when grown in the presence of reduced sulfur compounds (Fig. 1b) and produce motile gonidia from the apex (Fig. 1c) . These gonidia, which are released from the open end of the sheathed filaments, can either grow into filaments or move by gliding motility to aggregate with other gonidia to form rosettes (Fig. 1d) . Additional rosettes can be produced on the initial rosettes and on the filaments when the gonidia remain at the site of their release (not shown). CT3 does not present pseudo-branching or segmentation of entire filaments into short fragments (hormogonia); both of these are properties of 'T. ramosa'. CT3 is placed phylogenetically in the family 'Thiotrichaceae' in the phylum c-Proteobacteria (Fig. 2) . The closest relatives are two heterotrophic strains of the genus Thiothrix, strain I (L79963, 99?2 % 16S rRNA gene sequence similarity) and strain Q T (L79962, 99?4 % 16S rRNA gene sequence similarity), both of which were isolated from activated sludge (Williams & Unz, 1985) and are now placed in the species T. fructosivorans (Howarth et al., 1999) . The 16S rRNA gene sequence of strain CT3 has 96?1 % similarity to that of the autotrophic species 'T. ramosa' and 94?4 % similarity to that of the neotype strain of T. nivea (JP2 T ). The so-called T. nivea group (Aruga et al., 2002) , which contains T. unzii, T. nivea, T. fructosivorans and 'T. ramosa', comprised a monophyletic, well-supported group in our analysis. CT3 has a DNA-DNA hybridization value of 65 % (range 63-67 %; n=2) with T. fructosivorans strain I.
Although strain Q T was purchased from the ATCC, it was not viable and it was not possible to conduct DNA-DNA hybridization with this strain. CT3 can grow under heterotrophic and chemolithoautotrophic conditions; additional details of its physiology are presented in Table 1 , along with comparative data for other Thiothrix strains. During heterotrophic growth on acetate, CT3 stored lipophilic granules (Fig. 1e) that were comprised mostly of polyhydroxybutyrate as at the end of exponential growth, 31 % of the dry weight of biomass was hydroxybutyric acid. The T. nivea group, which now includes CT3, is linked by the following characteristics: production of gonidia, rosettes and holdfasts and storage of polyhydroxybutyrate and sulfur.
Typical exponential growth and stoichiometric conversion of the sulfur in thiosulfate to sulfate (at 93?2 h, 96?8 % of the thiosulfate sulfur was recovered as sulfate) was observed in the autotrophic culture of CT3 (Fig. 3) . The calculated yield was 13?4 g dry weight (mol thiosulfate oxidized) 21 and is comparable to the molar growth yields of other autotrophic sulfur bacteria, such as 'T. ramosa' [9?8 g dry weight (mol thiosulfate oxidized)
; Odintsova et al., 1993] ; Odintsova et al., 1993) . The capacity of strains I and Q T to grow autotrophically had not been investigated previously; we showed that strain I can grow autotrophically in cultivation medium that lacked acetate, and that all thiosulfate sulfur is converted to sulfate. CT3 and strain I produced no growth in the negative controls.
Specific morphological (ensheathed filaments, rosettes and motile gonidia) and phenotypic (sulfur storage and autotrophy) data support the 16S rDNA sequence-defined identity of CT3 as a strain of the genus Thiothrix. The closest phylogenetic relative that is still available as a viable culture, T. fructosivorans strain I, grows as macroscopically visible (approx. 2-5 mm in diameter), spherical colonies, whereas CT3 grows as an evenly turbid suspension of cells (Fig. 1f) . Morphological features at the cellular level group CT3 more closely with T. nivea and T. fructosivorans, and distinguish it from the hormogonia-producing 'T. ramosa' and the sheathless T. unzii.
When all phylogenetic, morphological and phenotypic data are considered collectively, it is difficult to unequivocally place CT3 in any species of the genus Thiothrix. 16S rDNA sequence similarity values between CT3 and T. fructosivorans strains, at 99?2 and 99?4 %, required that DNA-DNA hybridization should be done to determine if CT3 is a member of this species (Stackebrandt & Goebel, 1994) . However, the value of 63-67 % for DNA-DNA hybridization with strain I did not place CT3 in the species T. fructosivorans, as the current species concept is based on two organisms sharing a DNA-DNA hybridization value of greater than 70 % (Wayne et al., 1987) . Common characteristics for CT3 and strain I are the ability to grow autotrophically, reduction of nitrate to nitrite, a relatively narrow spectrum of carbon sources for heterotrophic growth, sheathed filamentous cells and intracellular polyhydroxybutyrate and sulfur storage. Nevertheless, CT3 appears to be less nutritionally versatile than T. fructosivorans (Table 1) and, indeed, cannot use fructose as the sole carbon source, a property honoured in the name of this species.
Thus, we have demonstrated that CT3 is unlikely to be a member of T. fructosivorans but we have insufficient strains to propose a novel species for CT3, which should be considered as a strain of a yet-to-be-described Thiothrix species.
In 1888, Winogradsky suggested that Thiothrix strains could be autotrophic, but so far this property has not been wellstudied, apart from its confirmation in 'T. ramosa' and now in CT3 and T. fructosivorans (strain I). Attempts to grow T. nivea autotrophically and to measure the activity of CO 2 -fixing enzymes have failed (Polz et al., 1996) and we concur with these authors that autotrophy could be an important property that distinguishes different species of Thiothrix. The capacity to grow on reduced sulfur compounds alone as an energy source and to store large amounts of polyhydroxybutyrate when organic carbon (acetate) is available can offer organisms such as CT3 an important competitive advantage in the activated sludge microbial community. Collectively, these conditions might explain the occurrence of bulking problems caused by such organisms when influent wastewater contains high amounts of sulfides and volatile fatty acids. ) during autotrophic growth of Thiothrix strain CT3. TOC at time zero was <1 mg l "1 and dry weight at time 93?2 h was 23?3 mg l "1 , during which time 111?2 mg sulfur in S 2 O 2" 3 l "1 was utilized.
